Mechanosensitive Self-Replication Driven by Self-Organization by Carnall, Jacqui M.A., et al.
 
 
www.sciencemag.org/cgi/content/full/327/5972/1502/DC1 
 
 
 
 
Supporting Online Material for 
 
Mechanosensitive Self-Replication Driven by Self-Organization 
Jacqui M. A. Carnall, Christopher A. Waudby, Ana M. Belenguer,  
Marc C. A. Stuart, Jérôme J.-P. Peyralans, Sijbren Otto*
 
*To whom correspondence should be addressed. E-mail: s.otto@rug.nl 
Published 19 March 2010, Science 327, 1502 (2010) 
DOI: 10.1126/science.1182767 
 
 
This PDF file includes: 
 
Materials and Methods 
Figs. S1 to S12 
References   S2 
Materials and methods 
 
Synthesis 
 
3,5-Dimercaptobenzoic acid 2 was prepared via a previously reported procedure (S1). 
Peptide  building  blocks  1  and  3  were  synthesised  by  Cambridge  Peptides  Ltd 
(Birmingham,  UK)  from  3,5-bis(tritylthio)benzoic  acid,  which  was  prepared  by  the 
following procedure. Under a nitrogen atmosphere, a solution of trityl chloride (3.6 g, 
12.9  mmol)  in  degassed  dichloromethane  (30  mL)  was  added  to  a  solution  of  3,5-
dimercaptobenzoic acid 2 (0.80 g, 4.3 mmol) in degassed acetonitrile (90 mL). Pyridine 
(0.69  mL,  8.6  mmol)  was  added,  and  the  solution  stirred  for  20  hours  at  room 
temperature. The white precipitate (2.6 g, 3.9 mmol, 90%) was collected, washed with 
water  and  dried.  The  product  was  pure  enough  to  use  but  was  recrystallised  from 
acetonitrile / chloroform as white needles. 
1H NMR (400 MHz, CDCl3) δ (ppm) = 7.28-7.32 (m, 12H), 7.26 (d, 2H, 1.8 Hz), 7.15-
7.21 (m, 18H), 7.01 (t, 1H, 1.8 Hz). 
13C NMR (100 MHz, CDCl3) δ (ppm) =169.8, 144.8, 
144.4, 135.6, 135.4, 130.2, 128.9, 128.2, 127.2, 71.8. Exact mass: calcd: 669.1922; 
found: 669.1952 [M]
-. Mp: 189-191°C.  
 
Library preparation and sampling 
 
Building blocks 1-3 were dissolved to a concentration of 3.8 mM in borate buffer (50 
mM). Where necessary the pH of the solution was adjusted by the addition of 1.0 M 
KOH solution such that the final pH was 8.0. The volume of each library was 500 µL. 
Each solution was allowed to equilibrate in an HPLC vial (12 x 32 mm) with a teflon-
lined snap cap. Samples containing a cylindrical micro-stirrer bar (2 x 5 mm, teflon-
coated, manufactured by Cowie obtained from Fisher) were stirred at 1200 rpm using 
an  IKA  RCT  basic  hotplate  stirrer.  Shaken  samples  were  placed  in  an  Eppendorf 
Thermomixer Comfort (orbital shaker) and shaken at either 500 rpm or 1200 rpm with 
an  orbital  radius  of  1.5  mm.  All  library  experiments  were  performed  at  ambient 
temperature.  
A  small  aliquot  of  each  sample  was  removed  to  another  vial  prior  to  each  LC-MS 
analysis. 
Where applicable, samples were seeded by the addition of 25 µL (corresponding to 5 
mol%) of a pre-existing sample.   S3 
LC-MS analysis 
 
LC-MS analysis was carried out using an Agilent 1100 series HPLC equipped with a 
diode  array  UV/Vis  detector  and  interfaced  with  an  Agilent  XCT  ion-trap  mass 
spectrometer. Water was obtained from a MilliQ Gradient system and LC-MS-grade 
acetonitrile was acquired from Rathburn. Heptafluorobutyric acid (HFBA), formic acid 
and trifluoroacetic acid (all LC-MS grade) were acquired from Fluka. 
 
Analysis of samples containing peptide 1 was performed using a reversed-phase HPLC 
column (Prodigy C18, 2 x 150 mm, 5 µm, obtained from Phenomenex) heated to 45°C, 
an injection volume of 2 µL, and the method parameters below. 
 
Solvent A: Water (0.2 % v/v HFBA)    
Solvent B: Acetonitrile (0.2 % v/v HFBA) 
Flow rate: 0.8 mL/min 
Linear gradient between 0 and 7 minutes. 
 
Time (mins)  A : B 
0  65 : 35 
7  61.5 : 38.5 
30  61.5 : 38.5 
 
Positive-ion mass spectra were acquired using electrospray ionization (scan rate: 800 
m/z/sec; flow into MS source (after splitter): 50-100 µL/min; drying temperature: 325ºC; 
nebuliser pressure: 20 psi; drying gas flow: 5 L/min; HV capillary voltage: 3500V; ion 
current count target: 100,000). 
 
Analysis of samples containing 2 was performed using a reversed-phase HPLC column 
(Symmetry Shield RP8, 4.6 x 75 mm, 3.5 µm, obtained from Waters) heated to 45 °C, 
an injection volume of 0.5 µL, a flow rate of 1.4 mL/min and a linear gradient (50% to 
95%  over  8  minutes)  of  acetonitrile  in  water  (both  containing  0.1  %  formic  acid). 
Negative  ion  mass  spectra  were  acquired  using  electrospray  ionization  (scan  rate: 
8100 m/z/sec; flow: 50-100 µL/min; drying temperature: 325 ºC; nebuliser pressure: 20 
psi; drying gas flow: 5 L/min; HV capillary voltage: 3500 V; ion current count target: 
70,000).   S4 
 
Analysis of samples containing 3 was performed using a reversed-phase HPLC column 
(Kromasil C18, 4.6 x 250 mm, 5 µm, obtained from Azko Nobel) heated to 45 °C, an 
injection volume of 2 µL, a flow rate of 1 mL/min and a linear gradient (20% to 50% 
over 30 minutes) of acetonitrile in water (both containing 0.1 % trifluoroacetic acid). 
Positive ion mass spectra were acquired using electrospray ionization (scan rate: 8100 
m/z/sec; flow rate: 50-100 µL/min; drying temperature: 325 ºC; nebuliser pressure: 20 
psi; drying gas flow: 7 L/min; HV capillary voltage: 3500V; ion current count target: 
20,000). 
 
All UV traces were obtained by monitoring at 254 nm. 
 
Circular dichroism protocol 
Circular  dichroism  spectra  were  obtained  at  25  °C  using  an  Applied  Photophysics 
Chirascan circular dichroism spectrophotometer, with a pathlength of 1 mm, bandwidth 
2 nm, average time per point 0.3 s. The spectrum of 13 and 14 was obtained using a 
sample diluted to 0.10 mM (with respect to building block concentration) by additional 
buffer. All other spectra were obtained using samples diluted to 0.15 mM. All reported 
spectra are an average of 10 repeats. 
 
Thioflavin T (ThT) protocol 
Fluorescence  spectra  were  obtained  using  a  Varian  Cary  Eclipse  fluorescence 
spectrophotometer.  Each  sample  was  diluted  to  a  concentration  of  100  µM  (with 
respect  to  the  building  block)  with  additional  buffer.  A  stock  solution  of  ThT  was 
prepared, containing 22 µM ThT in 50 mM sodium phosphate buffer, pH 8.2. Of this 
stock solution, 920 µL was added to 80 µL of the diluted sample. The mixture was 
incubated for 2 mins, and the fluorescence measured by excitation at 440 nm (5 nm slit 
width) and emission between 460 and 700 nm (5 nm slit width, 2 nm steps, averaging 
over 0.1 s, 6 repeats averaged).  
 
Congo Red birefringence protocol 
Several microlitres of a sample containing 16 or 17 were air-dried onto a glass slide. 
The resultant film was stained with a saturated solution of Congo Red, and viewed 
between two cross-polarisers using an optical microscope. 
   S5 
Congo Red UV/Vis protocol 
A filtered solution of Congo Red (CR) in potassium phosphate buffer (5 mM, pH 7.4, 
containing 150 mM NaCl) was added to a sample of fibers diluted to 100 µg/mL, such 
that the final concentration of CR was 0.5 µM. Samples were vortexed for 15 seconds, 
and absorption spectra recorded from 400 – 700 nm on a Varian Cary Bio UV-visible 
spectrophotometer (1 cm path length, quartz cuvette, corrected for contribution from 
the buffer). The spectrum of CR alone was compared to that of CR in the presence of 
fibers, and a red shift of the absorption band towards 540 nm was taken to indicate 
amyloid-like structure. 
 
FTIR protocol 
Attenuated  total  reflection  Fourier  transform  infrared  (ATR-FTIR)  spectroscopy  was 
performed using a Bruker Equinox 55 spectrometer fitted with a Bruker BioATRCell II 
and a liquid-nitrogen cooled MCT detector. For each sample, 256 interferograms were 
acquired at 2 cm
-1 resolution, and a background spectrum of buffer was subtracted. 
 
Cryo-TEM protocol 
A small drop of suspension was placed on a Quantifoil 3.5/1 holey carbon coated grid. 
Blotting  and  vitrification  in  ethane  was  done  in  a  Vitrobot  (FEI,  Eindhoven,  The 
Netherlands). The grids were observed in a Philips CM120 cryo-electron microscope 
operating at 120 kV with a Gatan model 626 cryo-stage. Images were recorded under 
low-dose conditions with a slow-scan CCD camera. 
 
Fiber length analysis protocol 
Fiber contour lengths were determined by manual fitting of straight line segments using 
Macnification (Orbicule, Belgium). At least three independent cryo-TEM images were 
analysed for each sample, yielding statistics of 200–800 fibers per histogram. 
 
Estimation of maximum shear stress 
The maximum shear stress in a solution subjected to orbital shaking (τω) was estimated 
using the equation below (S2): 
3 ) 2 ( f a ⋅ ⋅ ⋅ ⋅ = π µ ρ τω  
Where a is the radius of orbit, ρ is the fluid density, µ is the fluid viscosity and f is the 
frequence of rotation.    S6 
The maximum shear stress induced by stirring (τ) was estimated using the following 
equation: 
dy
dv
µ τ =  
Where µ is the fluid viscosity, v is the velocity of the ends of the rotating stir bar and y is 
the distance between stir bar and the bottom of the vial. 
 
Measurement of the forces exerted on the stir bar 
The  sum  of  the  forces  exerted  on  the  stir  bar  by  gravity  and  the  magnetic 
interaction with the stir plate was measured with an IKA RCT basic balance using 
the setup shown below. The distance between the stir bar and the top of the stir 
plate was changed by adjusting the laboratory jack. The apparent mass of the stir 
bar (mapp) was recorded at different distances from the top of the stir plate. The 
force (F) exerted on the stir bar was calculated from the recorded apparent mass: 
(F = mapp ⋅ g, where g is the standard gravity). The force exerted by the stir plate on 
the balance was smaller than 0.08 mN and ignored. 
   S7 
 
Fig. S1. Positive-ion mass spectra of the main species observed in mixtures obtained 
by oxidising building block 1: (A) 13; (B) 14; (C) 16 and (D) 17. Magnified views of the 
quadruply-charged ions of 16 and 17 are presented in figures (E) and (F) respectively. 
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Fig. S2.  Fluorescence spectra of ThT, excited at 440nm, in the presence of 16 (solid 
line), 17 (dotted line), 13 and 14 (dashed line) and borate buffer (dashed-dotted line). 
Enhanced emission at 490 nm indicates that only 16 and 17 bind to ThT. 
 
 
Fig. S3. Images of Congo Red bound to 16 (A) and 17 (B), visualised using uncrossed 
filters, and similar images visualised with cross-polarised light. The observed apple-
green birefringence in (C) and (D) suggests these fibers have an amyloid-like structure.   S9 
 
 
 
Fig. S4. UV/Vis spectra of Congo Red (CR) alone (dotted line), and in the presence of 
16 (solid line) and 17 (dashed line). 
 
 
Fig. S5. FTIR spectra of 16 (solid line) and 17 (dashed line). Marked peaks indicate 
C=O absorbances in the range characteristic of β-sheet structure.   S10 
 
 
 
Fig. S6. HPLC trace (monitored at 254 nm) showing the final composition of a DCL of 
scrambled peptide building block 3 (3.8 mM). Inset: positive ion mass spectrum of the 
major peak, 33. 
 
 
 
Fig.  S7.  Circular  dichroism  spectrum  of  a  fully  oxidised  library  of  building  block  3 
(sample concentration 0.15 mM, pathlength 1 mm). 
 
   S11 
 
Fig. S8. Cumulative frequency distributions of fiber lengths observed by cryo-TEM for 
samples of  16 (A) and 17 (B) after: 48 hours without agitation (blue); stirring for 48 
hours (green); shaking for 48 hours (red). 
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Fig. S9. Growth curves for 16 from three solutions made from 1 (3.8 mM; left without 
agitation for 7 days) seeded with 10 mol% of hexamer fibers that were either not 
agitated (■), shaken at 1200 rpm for 48 hr prior to seeding (•), or shaken for 48 hr 
followed by sonication for 5 min (∆). The difference of the fraction of 16 at t=0 between 
samples seeded with non-agitated hexamer and the ones seeded with agitated 
hexamer is due to an increase in the amount of 16 during agitation of the seed.    S12 
 
Fig. S10. Left: growth curves (obtained from HPLC analyses) for 17 from three 
samples, stacked as shown (right) and stirred at 1200 rpm (black: bottom vial; blue: 
middle vial; red: top vial). 
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Fig. S11. Sum of the forces exerted on the stir bar by gravity and the stir plate (□) and 
apparent rate constant  for heptamer growth (•) as a function of the distance between 
stir bar and stir plate for the experiment of Fig. S10.  Apparent rate constants were 
estimated from the slopes of the plots of ln([heptamer]) vs. time for the first phase of 
the reaction (heptamer yield < 50%). 
   S13 
 
Fig. S12. Growth curves (obtained by HPLC monitoring) for 16 in mixtures made from 1 
(3.8 mM, in 50 mM borate buffer pH 8.0, left for 4 days without agitation) seeded with 5 
mol% of hexamer fibers. Samples were either not agitated (red trace), stirred at 1200 
rpm (blue trace) or shaken at 1200 rpm (black trace). No heptamer could be detected 
in any of the samples. 
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